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Charles, Kevon C., M.S.E.C.E., Purdue University, August 2015. Numerical Tool for 
Evaluating and Optimizing Multijunction PV Systems. Major Professor: Jeffery Gray. 
     Solar energy is one of the most abundant sources of clean renewable energy and is also 
an important source of electrical energy. Solar energy has the potential of meeting all of 
the world's energy needs, and has seen substantial growth and development in recent years. 
Solar cells can convert sunlight directly into electrical energy, and the solar industry has 
made a great deal of progress in making them less costly and more efficient. The conversion 
efficiency of solar cells, however, is one of the main factors that limits the solar industry 
from competing with fossil fuels. Once the efficiency of solar cells is improved, solar 
energy will have a greater impact on the worlds energy consumption, and hence more clean 
energy will be consumed.  
    It is known that in order to take full advantage of the solar spectrum, a multijunction PV 
system has to be implemented in order to absorb more photons. The design of this system 
is very important in improving the overall conversion efficiency.  Choosing the right 
bandgap energies in a PV system is an important design characteristic that helps improve 
the performance of solar cells. In this thesis, a numerical tool is designed to determine the 
bandgap energies that yield the highest possible system power efficiency for a given 
number of PV junctions. The tool has the ability to simulate PV systems with combinations 










1.1 Why Solar Energy? 
     Renewable Energy has been a big topic of interest for researchers in recent years, as the 
world tries to decrease its dependence on fossil fuels, in an effort to reduce pollution in the 
atmosphere. According to REN21’s 2014 report, 22% of electricity generated were as a 
result of renewables in 2013 [1]. Renewable energies such as wind and solar energy, have 
experienced large growth over recent years [2]. Wind generated electricity has increased 
by 44% from 2013 to 2014 and 32% of new electric generating capacity came from solar 
in 2014 [3] 
     Solar energy is the beaming light and heat that is generated by the sun. There are many 
advantages of solar energy. The main benefit of solar energy is that it can be easily utilized 
by home and business users since it is easy to install unlike wind and geothermal. Solar 
energy is also a non-polluting source of electricity, there is no pollution in the air by 
harmful gases like CO2 which is a byproduct of fossil fuels. Another advantage is that solar 
cells are long lasting and require very little maintenance. Solar panels do have initial cost 
in the beginning, however, there are no repeated costs. The technology in solar power has 
been improving rapidly over the years and as non-renewable sources such as fossil fuels 
decline, it is vital that the world move towards renewable sources of energy [4]. 
1.2 Solar Cell Operation 
A solar cell is an electronic device that converts light energy into electricity. It is also 
considered to be photovoltaic, regardless of whether the source is an artificial light or 
sunlight. When the light shines on the solar cell, it produces both a current and a voltage, 
which generates power. In order for a solar cell to produce electric energy, basic 
fundamental functions have to be met. These functions are as follows: 
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1. The conversion of photons from light source into light generated carriers, which is 
a process called photogeneration. 
2. Quick separation of the light generated carriers to prevent electron/hole 
recombination 
3. The collection of these separated carriers to generate a current. 
4. The generation of a voltage across the solar cell  
5. And finally, the extraction of the collected charged carriers to an external circuit as 
shown in Fig 1. 1 [5] 
 
1.3 Analytical Modeling 
     Analytical modeling can be described as a mathematical technique used for simulating 
and making valid predictions about mechanisms that are involved in complex physical 
processes. Analytical models are built for a number of reasons. Some are constructed in 
order to gain a better understanding of how a complex system works, as well as measure 
the performance and analyze different behaviors. Others build analytical models for the 
Fig 1. 1 Diagram showing the cross-section of a solar cell and the conversion of photons 
from the light to electron and hole charge carriers 
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purpose of predicting patterns and behavior of certain parameters with in a system [6]. As 
a result, having an analytical model for solar cells is important since it has the ability to 
speed up development time, as well as reduce the number of experimental devices needed. 
     A simple analytical model is used for the optimization tool discussed in this thesis. It is 
a system model that uses the basic physics of solar cells to help improve multijunction solar 
cell design. The model is very user friendly and easy to understand. The physics of the tool 
will be discussed in detail in the next chapter.  
1.4 Importance of Optimizing Solar Cells 
     A wide variety of semiconductor materials with different bandgap energies have been 
investigated by researchers to develop solar cells with the highest possible system power 
efficiency. While significant improvements have been made to increase the efficiency, 
these devices are still below the maximum system conversion efficiency possible for a 
given number of junctions. Research into optimizing PV systems has been growing steadily 
in recent years. One of the first papers to analyze the peak conversion efficiency for a single 
junction over a range of bandgap energies was by Shockley and Queisser [7]. Henry 
evaluated the system power efficiency limit for multijunction solar cells [8]. Additional 
research groups have sought to boost the system power efficiency of a variety of 
multijunction systems [9], [10]. 
     As the number of junctions and the number of optical splits increase in a PV system, 
the number of possible system configurations increase drastically, this makes it more 
difficult to determine the optimal design. There are many parameters that can be optimized 
in a multijunction PV system to increase the overall efficiency. The optimization tool 
described in this thesis concentrates on optimizing the bandgap energies in the system [11]. 








2 OPTIMIZATION TOOL 
2.1 Introduction 
     The name of this optimization tool is Bandgap Optimizer for Spectral Splitting PV 
Systems (BOSS). BOSS uses a multijunction photovoltaic (PV) model and determines the 
bandgap energies, EG, that yield the highest possible system power efficiency for a given 
number of PV junctions. This numerical tool can simulate multijunction PV systems with 
various configurations. These include combinations of PV junctions that are electrically in 
series, electrically independent but optically in series, and optically independent such as 
dichroic splitting. It also has the ability to optimize a system holding one or more PV 
junctions and/or optical splitting elements constant. For example, if you want to use silicon 
as one of your PV junctions, this bandgap energy can be held constant while the other 
bandgap energies in the system vary. These configurations are important because it takes 
into account majority of the characteristics in a multijunction PV system. Fig 2. 1 below 




Fig 2. 1 PV junctions that are (a) electrically in series. (b) Top junction electrically 
independent from the rest but optically in series. and (c) Top junction optically 




2.2 Physics of the Tool 
     It is very important to look at the physics of solar cells in order to develop a numerical 
tool that simulates a PV system as realistically and accurately as possible. In this section, 
a detailed analysis of what goes on “under the hood” of the tool is discussed. 
2.2.1 Terminal Characteristics 
     Terminal characteristics are used to investigate the performance of solar cells. The most 
commonly used terminal characteristics for solar cells are the short circuit current (𝐽𝐽𝑠𝑠𝑠𝑠), the 
open circuit voltage (𝑉𝑉𝑜𝑜𝑠𝑠), the maximum power current (𝐽𝐽𝑀𝑀𝑀𝑀), the maximum power voltage 
(𝑉𝑉𝑀𝑀𝑀𝑀), the fill factor (FF), and the conversion efficiency (𝜂𝜂). BOSS models the terminal 
characteristics of each individual PV junction. These results are then used to determine the 
overall system power efficiency. From a circuit prospective, an ideal solar cell can be 
modeled by a current source in parallel with a diode. In reality, no solar cell is ideal, so a 
shunt resistance (RSH) and a series resistance component (RS) is added to the model as show 
in Fig 2. 2, to account for some of the non-idealities.  
 
 
     In the tool however, the shunt resistance is not implemented, hence the circuit model is 
represented by Fig 2. 3 
 




     The short-circuit current (𝐽𝐽𝑠𝑠𝑠𝑠) is the current through the solar cell when the voltage 
across the solar cell is zero. BOSS calculates the short-circuit current (𝐽𝐽𝑠𝑠𝑠𝑠) in 2 ways. The 
first method is by assuming a specific collection efficiency above the bandgap energy of 
the junction. The second method of calculating 𝐽𝐽𝑠𝑠𝑠𝑠 is by using an energy dependent external 
quantum efficiency (EQE). This EQE has a different value for each wavelength in the 
spectrum and represents the collection efficiency. Both methods are bandgap dependent 
and are described further in section 2.2.3.  
     The tool accounts for the series resistance, however, the shunt resistance is neglected, 
therefore, the diode current ( 𝐽𝐽𝐷𝐷) equation that represents the current-voltage characteristics 
is shown below 
𝐽𝐽𝐷𝐷(𝐸𝐸𝐺𝐺) = 𝐽𝐽0(𝐸𝐸𝐺𝐺)�𝑒𝑒𝑞𝑞(𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜+𝑅𝑅𝑆𝑆 𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜)/𝑛𝑛𝑛𝑛𝑛𝑛 − 1�                                       (2. 1) 
where  𝐽𝐽0 is the reverse saturation current which is bandgap dependent, 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 is the voltage 
across the output terminal, 𝑛𝑛 is the ideality factor, 𝑘𝑘 is Boltzmann constant, 𝑇𝑇 is the 
temperature of the system, and  𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜 is the output current.  
      By principle of superposition, the output current (𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜) is therefore given by 
𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐽𝐽𝑆𝑆𝑆𝑆(𝐸𝐸𝐺𝐺) − 𝐽𝐽𝐷𝐷(𝐸𝐸𝐺𝐺)                                                   (2. 2) 
Fig 2. 3 Solar cell circuit model for tool 
7 
 
     The voltage across the output terminal can be calculated by using equations 2. 1 and 2. 
2, and solving for Vout as follows  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑞𝑞 ln �𝐽𝐽𝑆𝑆𝑆𝑆+𝐽𝐽0−𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜𝐽𝐽0 � −𝑅𝑅𝑆𝑆𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜                                        (2. 3) 
     At open circuit conditions, all the light generated current flows through the diode, 
making 𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜 = 0. Therefore, the open circuit voltage can be written as 
𝑉𝑉𝑂𝑂𝑆𝑆 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑞𝑞 ln 𝐽𝐽𝑆𝑆𝑆𝑆𝐽𝐽0                                                          (2. 4) 
     The power of a system is given by the product of the current and voltage. Using the 
voltage across the output terminal in equation 2. 3, we can come up with an equation for 
the power as follows 
𝑃𝑃 = 𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜 �𝑛𝑛𝑛𝑛𝑛𝑛𝑞𝑞 ln �𝐽𝐽𝑆𝑆𝑆𝑆+𝐽𝐽0−𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜𝐽𝐽0 � − 𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜 𝑅𝑅𝑆𝑆�                             (2. 5) 
     In order to determine the current at maximum power point, the derivative of the power 








� − 𝑅𝑅𝑆𝑆𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜� − 𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜 �
𝑛𝑛𝑛𝑛𝑛𝑛𝐽𝐽𝑜𝑜
𝑞𝑞(𝐽𝐽𝑆𝑆𝑆𝑆+𝐽𝐽0−𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜) + 𝑅𝑅𝑆𝑆�                   (2. 6) 
The output current (𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜) that make 
𝑑𝑑𝑀𝑀
𝑑𝑑𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜
= 0, is the current at maximum power point. 
Substituting 𝐽𝐽𝑀𝑀𝑀𝑀 for 𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜 we get  









    This equation above can be solved numerically by using the bisection method. The 
voltage at maximum power point for each individual junction can therefore be calculated 
by simply replacing 𝐽𝐽𝑜𝑜𝑜𝑜𝑜𝑜 with 𝐽𝐽𝑀𝑀𝑀𝑀 in equation 2. 3 
 VMP = 𝑛𝑛𝑛𝑛𝑛𝑛𝑞𝑞 ln �𝐽𝐽𝑆𝑆𝑆𝑆+𝐽𝐽0−𝐽𝐽𝑀𝑀𝑀𝑀𝐽𝐽0 � −𝑅𝑅𝑆𝑆𝐽𝐽𝑀𝑀𝑀𝑀                                      (2. 8) 
     The output power for each individual junction is therefore computed by the product of 
the current and voltage at maximum power point 
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐽𝐽𝑀𝑀𝑀𝑀𝑉𝑉𝑀𝑀𝑀𝑀                                                        (2. 9) 
     The fill factor (FF) is simply the ratio of the maximum power from the solar cell to the 
product of 𝑉𝑉𝑂𝑂𝑆𝑆 and 𝐽𝐽𝑠𝑠𝑠𝑠. 
𝐹𝐹𝐹𝐹 = 𝑉𝑉𝑀𝑀𝑀𝑀 𝐽𝐽𝑀𝑀𝑀𝑀
𝑉𝑉𝑂𝑂𝑆𝑆 𝐽𝐽𝑆𝑆𝑆𝑆                                                             (2. 10) 
     Finally, the efficiency of each individual junction can be determined by simply 





= 𝑉𝑉𝑂𝑂𝑆𝑆 𝐽𝐽𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹
𝑀𝑀𝑖𝑖𝑛𝑛
                                             (2. 11) 
2.2.2 Reverse Saturation Current density (𝑱𝑱𝟎𝟎) 
      BOSS has two built-in models for the reverse saturation current density (𝐽𝐽0). The first 
model is the Shockley-Queisser detailed balance radiative limit [7] and is approximated as 




     The second model is a simple empirical expression obtained from published “state-of-
the-art” solar cells performance characteristics [12], it is a fitting model based on data 
obtained from these solar cells characteristics and is given by 
 
𝐽𝐽0 = 1.14 × 109exp (−40.5𝐸𝐸𝐺𝐺)                                           (2. 13) 
     The reverse saturation current is exponentially dependent on the solar cell bandgap. The 
plots in Fig 2. 4 shows a comparison between the S-Q model and the "state-of-the-art" 
model, as the bandgap is varied. For the “state-of-the-art” model, the 𝐽𝐽0 values all fall below 
the real device data points [12], therefore it gives the best value for every real device 
bandgap. Note that the y-axis is on a log scale. As can be seen, the S-Q model gives a lower 
reverse saturation current which allows the open circuit voltage and efficiency to be higher. 



















Fig 2. 4 Saturation current density for the Shockley-Queisser detailed balance limit (blue) 
and "state-of-the-art" limit (red) as a function of bandgap. 
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2.2.3 Short-Circuit Current 
     The short-circuit current is due to the generation and collection of light-generated 
carriers. It depends on the absorption properties of the material as well as the collection 
probability of the solar cell, which is also defined as the external quantum efficiency in the 
tool. All of these properties and parameters are discussed in the following sections. 
 Absorption Properties 
     An important factor to consider when looking into solar cell modeling is the absorption 
properties of each material in the system. The performance of a solar cell depends highly 
on how well a material can absorb photon energies. In order to properly account for these 
absorption properties, the absorption coefficient (α) should be determined for each 
wavelength (𝛾𝛾) of incident light. The absorption coefficient is calculated two ways in the 




                                                           (2. 14) 
 
The other way is if the attenuation coefficient is not known. In this case, the absorption 
coefficient is calculated using the bandgap energy as shown below 
 
𝛼𝛼 = 𝛽𝛽(𝐸𝐸 − 𝐸𝐸𝐺𝐺)𝑦𝑦                                                 (2. 15) 
 
where β and 𝑦𝑦 are fitting parameters, and 𝐸𝐸 is the energy of the photons. It is important to 
note that 𝑦𝑦 in the equation above changes depending on whether the material has a direct 
or indirect bandgap. For direct materials, 𝑦𝑦 has a value of 0.5, and for indirect materials, 𝑦𝑦 
has a value of 2. Direct bandgap semiconductors tend to have high absorption coefficient 
in the relevant energy range for photovoltaics compared to indirect semiconductors. 
Section 2.6.4 shows how accurate equation 2. 15 is to the realistic data.  
    Once α is determined, the photon flux absorbed by each junction can properly be 
calculated using Beer Lambert's Law as follows 
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𝛷𝛷(𝐸𝐸) = 𝛷𝛷0(𝐸𝐸)(1 − 𝑒𝑒−𝛼𝛼𝛼𝛼)                                           (2. 16) 
where 𝑥𝑥 is the thickness of the junction, 𝛷𝛷(𝐸𝐸) is the photon flux absorbed by the junction, 
and 𝛷𝛷0(𝐸𝐸) is the incident photon flux.at a particular wavelength. 
 External Quantum Efficiency (EQE) 
     In this model, the external quantum efficiency is considered the collection efficiency. It 
is defined as the probability of collecting a photocarrier for each photon. The EQE takes 
into consideration both optical and recombination loses in the system. There are three 
regions to investigate when calculating the quantum efficiency: the emitter, the depletion 
and the base region [13], [14]. 
     The quantum efficiency for the emitter region is given by 
 
𝑄𝑄𝐸𝐸𝐸𝐸 = � 𝛼𝛼𝐿𝐿𝑀𝑀𝛼𝛼2𝐿𝐿𝑀𝑀2 −1� ��𝑆𝑆𝑀𝑀𝐿𝐿𝑀𝑀𝐷𝐷𝑀𝑀 +𝛼𝛼𝐿𝐿𝑀𝑀�−𝑒𝑒𝛼𝛼𝑒𝑒(−𝛼𝛼𝛼𝛼𝐸𝐸)�𝑆𝑆𝑀𝑀𝐿𝐿𝑀𝑀𝐷𝐷𝑀𝑀 𝑠𝑠𝑜𝑜𝑠𝑠ℎ𝑥𝑥𝐸𝐸𝐿𝐿𝑀𝑀+𝑠𝑠𝑖𝑖𝑛𝑛ℎ𝑥𝑥𝐸𝐸𝐿𝐿𝑀𝑀��𝑆𝑆𝑀𝑀𝐿𝐿𝑀𝑀𝐷𝐷𝑀𝑀 𝑠𝑠𝑖𝑖𝑛𝑛ℎ𝑥𝑥𝐸𝐸𝐿𝐿𝑀𝑀+𝑠𝑠𝑜𝑜𝑠𝑠ℎ𝑥𝑥𝐸𝐸𝐿𝐿𝑀𝑀 − 𝛼𝛼𝐿𝐿𝑀𝑀exp (−𝛼𝛼𝑥𝑥𝐸𝐸)  (2. 17) 
where 𝛼𝛼 is the absorption coefficient of the material, 𝐿𝐿𝑀𝑀 is the minority carrier diffusion 
length in the emitter,  𝑆𝑆𝑀𝑀 is the surface recombination velocity at the front window,  𝐷𝐷𝑀𝑀 is 
the diffusion coefficient of the minority carrier in the emitter, and 𝑥𝑥𝐸𝐸 is the flatband 
thickness of the emitter. 
     Similarly, the probability of collecting a photocarrier from the base is given by 
𝑄𝑄𝐸𝐸𝐵𝐵 = 𝛼𝛼𝐿𝐿𝑁𝑁𝛼𝛼2𝐿𝐿𝑁𝑁2 −1 𝑒𝑒𝑥𝑥𝑒𝑒[−𝛼𝛼(𝑥𝑥𝐸𝐸 + 𝑊𝑊𝐷𝐷)] �𝛼𝛼𝐿𝐿𝑁𝑁 − 𝑆𝑆𝑁𝑁𝐿𝐿𝑁𝑁𝐷𝐷𝑁𝑁 �𝑠𝑠𝑜𝑜𝑠𝑠ℎ𝑥𝑥𝐵𝐵𝐿𝐿𝑁𝑁−𝑒𝑒𝛼𝛼𝑒𝑒(−𝛼𝛼𝛼𝛼𝐵𝐵)�+𝑠𝑠𝑖𝑖𝑛𝑛ℎ𝑥𝑥𝐵𝐵𝐿𝐿𝑁𝑁+𝛼𝛼𝐿𝐿𝑁𝑁 𝑒𝑒𝛼𝛼𝑒𝑒(−𝛼𝛼𝛼𝛼𝐵𝐵)𝑆𝑆𝑁𝑁𝐿𝐿𝑁𝑁𝐷𝐷𝑁𝑁 𝑠𝑠𝑖𝑖𝑛𝑛ℎ𝑥𝑥𝐵𝐵𝐿𝐿𝑁𝑁+𝑠𝑠𝑜𝑜𝑠𝑠ℎ𝑥𝑥𝐵𝐵𝐿𝐿𝑁𝑁 �       (2. 18) 
where 𝐿𝐿𝑁𝑁 is the minority carrier diffusion length in the base, 𝑊𝑊𝐷𝐷 is the depletion width, 𝑆𝑆𝑁𝑁 
is the surface recombination velocity at the back-surface field, 𝐷𝐷𝑁𝑁 is the diffusion 




     In the depletion layer, the electric field helps in the collection of photocarriers, and as a 
result, every photocarrier generated in this region is collected. The Quantum efficiency in 
this region is therefore calculated as  
𝑄𝑄𝐸𝐸𝐷𝐷 = exp (−𝛼𝛼𝑥𝑥𝐸𝐸)[1 − exp (−𝛼𝛼𝑊𝑊𝐷𝐷)]                                   (2. 19) 
     The total external quantum efficiency is simply the sum of all 3 regions, and this EQE 
is used as the collection efficiency (CE) when calculating the short-circuit current, as 
shown in section 2.2.1. 
 Calculating 𝑱𝑱𝒔𝒔𝒔𝒔 for a Single Junction 
     As mentioned before, BOSS calculates the short-circuit current (𝐽𝐽𝑠𝑠𝑠𝑠) in 2 ways. The first 
method is by assuming a constant collection efficiency above the bandgap energy of the 
junction as shown below 
𝐽𝐽𝑠𝑠𝑠𝑠 = 𝑞𝑞 × 𝐶𝐶𝐸𝐸 ∫ Φ(𝐸𝐸)𝑑𝑑𝐸𝐸∞𝐸𝐸𝐺𝐺                                              (2. 20) 
where 𝐶𝐶𝐸𝐸 is the collection efficiency that is wavelength and energy independent,  𝐸𝐸𝐺𝐺  is the 
bandgap energy, Φ(𝐸𝐸) is the photon flux per unit energy (# 𝐽𝐽𝑐𝑐2. 𝐽𝐽. 𝑒𝑒𝑉𝑉� ) obtained from 
section 2.2.3.1, and 𝑞𝑞 is the electric charge. All the photons with energies above the 
bandgap are absorbed.  
     The second method of calculating 𝐽𝐽𝑠𝑠𝑠𝑠 is by using an energy dependent external quantum 
efficiency (EQE) that was discussed in section 2.2.3.2 as the collection efficiency as shown 
below 




EQE is inside the integral since it is energy dependent. EQE also depends on the 
wavelength of the spectrum and the junction depth. As a result, not all of the photons above 
the bandgap are absorbed.  
2.2.4 Temperature Dependence on Bandgap 
     Another important factor to consider when modeling solar cells, is the effect of 
temperature on the bandgap, since 𝐽𝐽𝑠𝑠𝑠𝑠 and 𝐽𝐽0 both depend on bandgap. Typically, energy 
gaps of semiconductors exhibits a monotonic decrease with increase in temperature, 
however, there are exception cases that show non-monotonic temperature behavior with a 
maximum at low temperatures followed by a decrease or sometimes an extended flat 
plateau at lower temperatures. It is vital to capture this characteristic for the model to be 
realistic as possible. To account for this characteristic in our model, two equations are used.  
     The first equation is a generic equation based on a curve fit to data for more than 30 
different semiconductors to the physics-based model used in [15], as shown below   
 
𝐸𝐸𝐺𝐺(𝑇𝑇) = 𝐸𝐸𝐺𝐺0(𝐸𝐸𝐺𝐺) − 𝐴𝐴(𝐸𝐸𝐺𝐺) �𝐽𝐽𝑐𝑐𝑐𝑐ℎ 𝐵𝐵(𝐸𝐸𝐺𝐺)2𝑛𝑛𝑛𝑛 − 1�                            (2. 22) 
where 𝐸𝐸𝐺𝐺0(𝐸𝐸𝐺𝐺) is the bandgap energy at zero Kelvin, 𝐴𝐴(𝐸𝐸𝐺𝐺) and 𝐵𝐵(𝐸𝐸𝐺𝐺) are fitting 
coefficients. The accuracy of this approach depends on the actual materials used, since 
different materials with similar bandgaps at room temperature can have different 
temperature dependencies. This method is good enough however, to show the importance 
of temperature dependence of the bandgaps on the system efficiency.  
     The second equation is Varshni's equation [16] that concentrates on the characteristics 
of a particular material. This method is more accurate since it does not make any 
generalizations. Every fitting parameter in this equation is based on a single material. This 
equation is given as 
 
𝐸𝐸𝐺𝐺(𝑇𝑇) = 𝐸𝐸𝐺𝐺(0) − α𝑛𝑛2𝑛𝑛+𝛽𝛽                                                 2. 23  
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where 𝐸𝐸𝐺𝐺(0) is the bandgap energy at zero Kelvin, 𝛼𝛼 is a coefficient, and 𝛽𝛽 is thought to 
be related to the Debye temperature. 𝛼𝛼 and 𝛽𝛽 are dependent on the material being 
investigated. Silicon for example, α = 4.73 × 10−4𝑒𝑒𝑉𝑉/𝐾𝐾 and 𝛽𝛽 = 636𝐾𝐾. 
2.3 PV System Operation 
     Now that we have an understanding of the physics behind the tool for each junction, we 
can now look at how the overall PV system operates. In this section we will discuss how 
the solar spectrum is absorbed as well as how 𝐽𝐽𝑠𝑠𝑠𝑠 is determined by each junction in a system. 
Also, how the system operates when the junctions are electrically in series and independent, 
and the optical splitting characteristics in a system.  
2.3.1 Spectrum Absorption by Junctions  
     The solar spectrum is absorbed by the junctions in a PV system based on the energy of 
the photons in the spectrum. Photons with energies less than the bandgap energy are not 
absorbed and passed onto the lower energy bandgaps. Fig 2. 5 shows the spectrum 
absorption of a 3-junction PV system electrically in series with bandgap energies of 1.7 
eV, 1.2 eV, and 0.7 eV respectfully. It is important to note that perfect transmission of 
photons between junctions is assumed. This means that there is no reflection of photons at 














     As can be seen from Fig 2. 5, junction 1 absorbs the photons with high energy (low 
wavelengths), junction 2 absorbs the wavelengths with energy less than the bandgap of 
junction 1, and junction 3 absorbs the wavelengths with energy less than the bandgap of 
junction 2. 
2.3.2 𝑱𝑱𝒔𝒔𝒔𝒔 For each Junction in a System  
     When calculating 𝐽𝐽𝑠𝑠𝑠𝑠 in a system with more than one junction, we have to take into 
consideration the bandgap energies of each junction. Using the method of constant 
collection efficiency above a particular bandgap energy, the short-circuit current is be 
determined as follows 
𝐽𝐽𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝑞𝑞 × 𝐶𝐶𝐸𝐸 ∫ Φ(𝐸𝐸)𝑑𝑑𝐸𝐸𝐸𝐸𝐺𝐺,𝑖𝑖−1𝐸𝐸𝐺𝐺,𝑖𝑖                                              (2. 24) 
where 𝑖𝑖 is the junction being calculated. The limit for this integral is between 𝐸𝐸𝐺𝐺,𝑖𝑖 (bandgap 
of the junction being calculated) and the junction above it 𝐸𝐸𝐺𝐺,𝑖𝑖−1.  
     When including the external quantum efficiency, we have to consider the photons that 
were not absorbed by each junction and is passed down to the lower bandgap junctions. 
This 𝐽𝐽𝑠𝑠𝑠𝑠 is calculated as follows 
























Fig 2. 5 Plot showing parts of the AM1.5 direct spectrum that is absorbed by each junction 
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𝐽𝐽𝑠𝑠𝑠𝑠 = 𝑞𝑞 ∫ EQE × Φ′(𝐸𝐸)𝑑𝑑𝐸𝐸∞𝐸𝐸𝐺𝐺,𝑖𝑖−1 + 𝑞𝑞 ∫ EQE × Φ(𝐸𝐸)𝑑𝑑𝐸𝐸𝐸𝐸𝐺𝐺,𝑖𝑖−1𝐸𝐸𝐺𝐺,𝑖𝑖                           (2. 25) 
where Φ′(𝐸𝐸) is the photon flux per unit energy that does not get absorbed by the higher 
bandgaps due to the external quantum efficiency. 
2.3.3 PV Systems that are Electrically in Series 
     When the junctions of a PV system are connected in series as shown in Fig. 2a, the 
system is restricted to current matching. As a result, the junction with the lowest current at 
maximum power point will be the current for all junctions. The current at maximum power 
point for a PV system in series is calculated as follows  
𝐽𝐽𝑀𝑀𝑀𝑀,1→𝑁𝑁 = ∑ �𝑛𝑛𝑛𝑛𝑛𝑛 ln𝐽𝐽𝑆𝑆𝑆𝑆,𝑖𝑖+𝐽𝐽0,𝑖𝑖−𝐽𝐽𝑀𝑀𝑀𝑀𝑖𝑖→𝑁𝑁𝐽𝐽0,𝑖𝑖 �−𝑅𝑅𝑆𝑆,𝑖𝑖𝐽𝐽𝑀𝑀𝑀𝑀,1→𝑁𝑁𝑁𝑁𝑖𝑖=1
∑ �𝑅𝑅𝑆𝑆,𝑖𝑖+ 𝑛𝑛𝑛𝑛𝑛𝑛𝐽𝐽𝑆𝑆𝑆𝑆,𝑖𝑖+𝐽𝐽0,𝑖𝑖−𝐽𝐽𝑀𝑀𝑀𝑀𝑖𝑖→𝑁𝑁�𝑁𝑁𝑖𝑖=1                               (2. 26) 
where 𝑖𝑖 is the junction being calculated, and 𝑁𝑁 is the number of junctions in the system. 
The voltage at maximum power point for each junction in a PV system will be different 
and is given by 
𝑉𝑉𝑀𝑀𝑀𝑀,𝑖𝑖 = 𝑛𝑛𝑘𝑘𝑇𝑇 ln �𝐽𝐽𝑆𝑆𝑆𝑆,𝑖𝑖+𝐽𝐽0,𝑖𝑖−𝐽𝐽𝑀𝑀𝑀𝑀𝑖𝑖→𝑁𝑁𝐽𝐽0,𝑖𝑖 � +𝑅𝑅𝑆𝑆,𝑖𝑖𝐽𝐽𝑀𝑀𝑀𝑀,1→𝑁𝑁                            (2. 27) 
The total voltage of a stack is simply the sum of the individual max power point voltages. 
Finally, the overall output power of the system is simply determined as follows  





2.3.4 PV Systems that are both Electrically Independent and in Series  
     When a PV system has sub-stacks with in a stack as shown in Fig. 2b, some junctions 
are electrically independent from others. As a result, each sub stack has to be calculated 
separately since they are no longer restricted by current matching. The output power for a 
system with 2 sub-stacks is given by 
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐽𝐽𝑀𝑀𝑀𝑀,1→𝑛𝑛 × ∑ 𝑉𝑉𝑀𝑀𝑀𝑀,𝑖𝑖𝑛𝑛𝑖𝑖=1 + 𝐽𝐽𝑀𝑀𝑀𝑀,𝑛𝑛→𝑁𝑁 × ∑ 𝑉𝑉𝑀𝑀𝑀𝑀,𝑖𝑖𝑁𝑁𝑖𝑖=2                         (2. 29) 
Where 𝑛𝑛 is the number of junctions in the first sub-stack and 𝑁𝑁 is the total amount of 
junctions in the system. The same principle applies to systems with more than 2 sub-stacks.  
2.3.5 PV Systems with an Optical Split 
     For a PV system with an optical split, there is a cut-off wavelength (λc) for which 
photons are reflected or transmitted. In an ideal optical split there is no transition width 
(Δ), however, realistically there is always a transition width between reflection and 
transmission. The cut-off wavelength is midway between the transition width as shown in 
Fig 2. 6 An example configuration of a PV system that has an optical split is shown in Fig 
2. 1c.  
 
Fig 2. 6 Plot showing the general characteristics of the transmission of a split 
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The output power for a system that has an optical split is similar to that of equation 2. 27, 
since the junctions that are optically independent from each other are also electrically 
independent from each other. Once there is an ideal optical split, the output power should 
be the same as that in section 2.3.4. If there is a transition width as shown in Fig 2. 6, there 
would be a reduction in the output power. This is discussed further in sections 2.6.3 and 
3.3 
2.4 Optimization Method 
     So far, we have an understanding about how the tool determines the output power and 
efficiency for arbitrary bandgaps. Now we will get into how the tool optimizes the bandgap 
to get the maximum conversion efficiency.  
     In BOSS, a model for the efficiency of a multijunction PV system is used within an 
optimization algorithm to determine the best bandgap energies of the PV junctions. When 
looking at various optimization methods, the Nelder-Mead method best fit the requirements 
for the tool. The exhaustive search method is not favorable because there is simply too 
many calculations, especially as the number of junctions increase in a system. Newtons 
method is also not favorable since there is too many derivatives to calculate, and we cannot 
use realistic solar spectrums.  
     The Nelder-Mead method uses a multidimensional unconstrained nonlinear 
minimization method to perform the optimization. The method “attempts to minimize a 
scalar-valued nonlinear function of n real variables using only function values, without any 
derivative information (explicit or implicit). The Nelder-Mead method thus falls in the 
general class of direct search methods. A large subclass of direct search methods, including 
the Nelder-Mead method, maintain at each step a non-degenerate simplex, a geometric 
figure in n dimensions of nonzero volume that is the convex hull of n + 1 vertices. Each 
iteration of a simplex-based direct search method begins with a simplex, specified by its n 
+ 1 vertices and the associated function values. One or more test points are computed, along 
with their function values, and the iteration terminates” with bounded level sets [17]. This 
is a more computationally efficient method than methods previously used [12], and does 
not require an idealized solar spectrum.  
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The Nelder-Mead Algorithm minimizes a real value function f(x) for x ϵ Rn. Four scalar 
parameters are defined in the Nelder-Mead method: coefficients of reflection (ρ), 
expansion(X), contraction (γ) and shrinkage (σ). These parameters should satisfy the 
following conditions: 
 
𝜌𝜌 > 0,        𝑋𝑋 > 1,       𝑋𝑋 > 𝜌𝜌,      0 < 𝛾𝛾 < 1,        0 < 𝜎𝜎 < 1                    (2. 30) 
The universal choices used in the standard Nelder-Mead Algorithm are: 
 
𝜌𝜌 = 1,      𝑋𝑋 = 2,      𝛾𝛾 = 1
2
,        𝜎𝜎 = 1
2
                                      (2. 31) 
     Since the Nelder-Mead method is a minimization method, the reciprocal of the 
efficiency is used within this algorithm in order to determine the optimum bandgap 
𝑓𝑓 = 1
𝜂𝜂2
                                                             (2. 32) 
where 𝑓𝑓 is the function being minimized in the Nelder-Mead algorithm. The efficiency is 
squared to ensure that the minimum of the function is met since the efficiency can be 
negative based on how the tool is programmed. 
2.5 Tool Description 
     In this section, a detailed description about the tool will be discussed. This includes the 
features and capabilities of the tool, the interface design and parameters, what outputs are 
generated, and bench mark results from simulations.  
2.5.1 Tool Capabilities and Features 
     The usefulness of the tool is evident when looking at its features and realistic 
capabilities. When developing the tool, careful consideration was taken to ensure that the 
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tool can model realistic configurations with realistic parameters. A list of the key 
capabilities and features of the tool are shown below: 
1. Can model PV junctions that are electrically independent and in series 
2. Can model PV junctions that are optically independent and in series 
3. Has the ability to hold the bandgap of a junction constant while optimizing the other 
junctions around it. 
4. Has 2 Jo models: “state of the art” and Shockley-Quiesser limit 
5. Accounts for recombination in the emitter, depletion and base regions, which 
contribute to the external quantum efficiency. 
6. Accounts for absorption coefficient and absorber thickness for each junction. This 
allows the user the ability to simulate finite and infinite thickness for each junction. 
The user also has the option to input his/her absorption file for a particular material. 
7. Has the ability to optimize the cut-off wavelength for spectral splitting models (also 
has the option to be fixed). 
8. Accounts for temperature dependent bandgaps 
9. Can model up to 2 spectral splittings and up to 10 junctions in each stack. 
10.  
11. Has example models of various configurations on the interface to further help the 
user understand how the tool works. 
12. Interface shows the configuration of the PV system that you are simulating in order 
to better understand how multijunction solar cells work. 
13. Has 4 different spectrum files to choose from: AM1.5dc, AM1.5g, AM0 and 
Blackbody. The user also has the option to input their own spectrum file. 







2.5.2 Interface and Parameters 
     The interface for this tool was created in Nanohub using Rappture [18]. Careful 
consideration was taken in creating an interface that was user friendly. The interface has 
an introductory page which is shown in Fig 2. 7. This introductory page gives a brief 
description about the tool and also has some examples of PV system configurations that 




      
  
Fig 2. 7 Introductory page of the tool interface 
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The global parameters of the tool are displayed in Fig 2. 8. As can be seen, these parameters 
include the geometric concentration of the system in suns, the operating temperature of the 
solar cell in kelvin, the solar spectrum file that you want to use for your model, and the 
reverse saturation current model.  
 
     The device parameters are shown in Fig 2. 9. These parameters are mostly specific to 
each junction in the system. The device parameters include the number of splits you desire 
in the system, the number of junctions, the intial bandgap for each junction, series 











A description of each of the input parameters (both device and global) and their character 
types are given in Table 2. 1. It is important to understand each of these parameters in order 





Fig 2. 9 Interface showing Device parameters 
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Table 2. 1 Tool input parameters and descriptions 
Device 
parameters 
Type Default Units Description 
Number of splits Integer 0  
The number of optical splits in the 
system – each optical split adds a 
PV junction stack to the system 
Number of 
junctions 
Integer 1  
The number of PV junctions 
contained in each stack 
Electrically in 
series 
String yes  
Choose whether a junction is 
electrically in series with the 
junction above it 
Initial band gap 
energy 
Integer 1 eV 
Bandgap energy used in the first 
iteration of the optimization - 
negating bandgap will stop 
bandgap from changing during 
optimization. 
Series resistance Integer 0 
𝛀𝛀/
𝐽𝐽𝑐𝑐2 




Integer 1 ratio 
Current collection efficiency ratio 
Initial optical 
split cut-off 
Integer -100 eV 
The initial photon energy of the 
optical transition of this split 
Optical split 
transition width 
Integer 0 μm 
The optical transition width in 
wavelength of this split 
Reflectivity Integer 1 ratio 
The efficiency ratio of light 
transmitted by this split to a stack , 
with photon energies above the 






Table 2. 1 continued 
Transmission 
loss 
integer 0 ratio 
The efficiency ratio of light 
transmitted by this split to the next 
split, with photon energies below 
the optical transition width range.  
If there is not another split below 
this in the system, the light will be 
directed to last stack 
Global 
parameters 
Type Default Units Description 
Geometric 
concentration 









String am1.5dc  Input solar spectrum file which 




String s-q  Reverse saturation current density 
model used to determine the JO of 
each junction based on the EG 
Junction Jo 
derate 




Integer 10  Number of iterations attempted to 
get the optimum bandgaps 
Closest Eg 
spacing 





2.5.3 Generated Output 
1. The tool generates the optimum band gap for each junction in the system, along with 
the efficiency associated with those individual bandgaps as shown in Fig 2. 10. As can 
be seen, the bandgaps are in descending order from top junction to bottom junction.  
 
          
2. A plot of the solar spectrum that is used in a model is generated by this tool. An example 




Fig 2. 11 Plot showing am1.5dc spectrum 
Fig 2. 10 Efficiency of each individual band gap in a 5-junction PV system 
27 
 
3. Plots of how the solar spectrum is absorbed by each junction are also generated by this 
tool. The solar spectrum is absorbed by the junctions in a PV system based on the 
energy of the photons in the spectrum. Photons with energy less than the bandgap 
energy are not absorbed and passed on to the lower energy bandgaps. An example of 




4. A transmission plot is also generated if a split is present in the configuration. This plot 
shows how the incident spectrum is reflected and transmitted by the split as shown in 




Fig 2. 13 Plot showing the transmission of a split 
Fig 2. 12 Plot showing the spectral absorption of each bandgap in a 5-junction system 
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5. The external quantum efficiency (EQE) of a junction is also plotted as a function of 
wavelength. An example plot is shown below in Fig 2. 14. The external quantum 




6. The tool generates other important solar cell parameters that are found in the output log 
of the results tab. These parameters are listed in Table 2. 2 along with their description. 
These output parameters are important solar cell characteristics that can be used to 









Fig 2. 14 Plot showing the external Quantum efficiency for a particular junction 
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Table 2. 2 Output parameters and descriptions 
Parameters Description 
Eg Optimum bandgap energy 
Jsc Short circuit current 
Voc Open circuit voltage 
Jmp Current at max power point 
Vmp Voltage at max power point 
FF 
Fill factor which is the ratio of the maximum power of 
the system to the product of Voc and Jsc 
FFi Intrinsic fill factor 
Jo Reverse saturation current density 
Jo (D) Derating coefficient used to adjust the the Jo model 
Power (in) Solar spectrum input power to the PV system 
Power (out) Power generated by the PV system 
Total Efficiency Efficiency of the PV system which is the ratio of the 
Power (in) to the Power (out) 
Optical split cut-off Optimized photon energy of the optical transition of a 
split 
 
2.6 Benchmark Results 
     In order to ensure that the numerical tool works accurately, several bench mark 
simulations were conducted. Based on the capabilities of the tool, several characteristics 
were targeted to ensure accuracy. These include optical splitting, electrically independent 
junctions, series connected stacks, absorption coefficients and comparisons to scientific 






2.6.1 Shockley-Queisser Limit in Single Junction Solar Cells 
     The Shockley-Queisser limit in single junction solar cells has been a bench mark in the 
solar industry for decades. The modern S-Q limit calculation has a maximum efficiency of 
33% for any type of single junction solar cell. In this calculation, it is assumed that all 
photons with the bandgap energy is absorbed (infinite thickness), all photons above the 
bandgap energy is converted to heat, and the sunlight is not concentrated. The other 67% 
of energy is lost through the following: 32% of the lights energy is converted to heat, 20% 
passes through the solar cell and 15% is lost from local recombination of newly created 
electrons and holes. A single junction solar cell optimization simulation was conducted 
using the tool and the S-Q limit was supported. An investigation on the effect of the solar 
concentration on the optimal bandgap for a single junction solar cell was also conducted. 
The results are shown in Fig 2. 15. 
 
Based on the plots above, the peak efficiency for 1 sun is 33.28% which supports the S-Q 
limit [7]. It is also observed that as the concentration increases, the optimal bandgap 
  
Fig 2. 15 Plots showing Bandgap vs Max. Efficiency for different concentrations 
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energy decreases. The reason for this is because the VOC changes logarithmically with 
intensity and therefore the optimal bandgap will be less for higher concentration. 
2.6.2 Electrically in Series Junctions 
     When looking at junctions that are electrically in series, the system is limited by the 
junction that produces the smallest current. This is because the system is restricted to 
current matching. In order to optimize a system like this, bandgap energies have to be 
chosen so that all the junctions produce close to the same current, which is what the tool 
does. A PV system with 4 junctions connected in series was simulated with the bandgaps 
held constant and also optimizing the bandgaps. Fig 2. 16 shows the configuration 
simulated and Table 2. 3 shows the results. 
Table 2. 3 Showing results of series connected simulation (Fig 2. 16) 
Bandgaps Held Constant Optimized bandgap 










2.0 9.79 12.3 17.01 2.05 11.3 11.4 19.32 
1.6 9.79 9.85 11.47 1.58 11.3 11.6 13.38 
1.2 9.79 13.6 8.08 1.22 11.3 11.7 8.88 









As can be seen from Table 2. 3 above, JSC is similar for all junctions in the optimized 
simulation and therefore produces a higher JMP for the system. As a result, the overall 
efficiency for the optimized simulation (47%) is more than that of the bandgap energies 
being held constant (41%). JMP is the same for each junction as expected since the system 
is restricted to current matching. This shows that the tool is accounting for series connected 
junctions correctly. 
2.6.3 Spectral Splitting and Electrically Independent Junctions 
     When looking at a PV system that has a junction electrically independent from the rest, 
it is indicating that current matching no longer holds for this particular junction. Current 
matching occurs for junctions electrically in series as shown in section 2.6.2, however, this 
is not the case for electrically independent junctions. A 4 junction PV system with the top 
junction electrically independent was modeled. The results are shown in Table 4 and the 
configuration modeled is shown in Fig 2. 17a. Table 2. 4 shows that the top junction has a 




Fig 2. 16 Configuration showing 4 junctions electrically in series 
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Table 2. 4 Showing results of electrically and optically independent simulations           
(Fig 2. 17) 
Top junction electrically independent Top junction optically independent 










2.0 12.1 12.3 20.13 2.0 12.1 12.3 20.13 
1.6 9.75 9.85 11.55 1.6 9.75 9.85 11.55 
1.2 9.75 13.6 8.05 1.2 9.75 13.6 8.05 





                                                                                                                                                  
   
 
 
     When looking at a system that is optically independent, there is a cut-off wavelength 
and an optical transition width that determines what photons are transmitted or reflected.  
In order to test the spectral splitting to ensure that it is working correctly, a 4 junction 
system with the top junction optically independent (Fig 2. 17b) was simulated with a 
transition width of zero (using the same parameters as previous model). Photons with 
energy greater than the bandgap of the top cell will be reflected and the remainder will be 
transmitted to the other cells. Since the transition width is zero, this configuration becomes 
Fig 2. 17 (a) showing configuration of a 4 junction system with the top cell electrically 
independent from the rest, (b) showing configuration of a 4 junction system with the top 
cell optically independent from the rest 
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identical to that of Fig 2. 17a. Therefore, the same results are expected, and this is 
confirmed in Table 2. 5. 
     In order to ensure that that the spectrum is being absorbed correctly from junction to 
junction, another simulation was done with another 4 junction system. This time, the top 2 
junctions were electrically independent as shown in Fig 2. 18. For this simulation, the 
bandgap energies were chosen so that the second junction would have a higher bandgap 
energy than the first as shown in Table 2. 5. Since the second junction has the highest 
bandgap, it is expected that no photons will be absorbed in this junction since all the high 
energy photons will be absorbed by the first junction. The results from the tool once again 
confirms this hypothesis as shown in Table 2. 5.   
Table 2. 5 Showing results of a 4 junction system with the second junction having the 
highest bandgap EG (Fig 2. 18) 
Top junction electrically independent 
EG (eV) JMP (A/cm2) JSC (A/cm2) Eff (%) 
1.6 21.7 22.2 26.65 
2.0 0 0 0 
1.2 11.2 23.4 9.65 




Fig 2. 18 Showing a 4 junction system with the top 2 junctions electrically independent 
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2.6.4 Absorption Coefficient Comparison 
     It is important to have accurate absorption properties when simulating a PV system. The 
absorption coefficient is accounted for by 2 methods in the tool as discussed in section 
2.2.3.1. If the attenuation coefficient (k) is unknown for a material, a fitting model is used 
to calculate the absorption coefficient for both direct and indirect bandgaps. A comparison 
of the actual absorption coefficient (k data) to that of the fitting model is shown in Fig 2. 
19 for a direct and indirect bandgap material. 
 
 
     The fitting model for the absorption coefficient is relatively accurate as shown in Fig. 
20. This model however, would not be as accurate when dealing with materials that have 
similar bandgap energies but different optical properties. This is because the model is 
solely dependent on the bandgap as shown in equation 2. 15. 
 
 
Fig 2. 19 Plots showing the comparison of the actual absorption coefficient to that of the 




3 EXAMPLE RESULTS AND ANALYSIS 
3.1 Examples of Series Connected PV Systems 
     In this section, we will be showing different characteristics of series connected PV 
systems. It is important to observe trends in the performance of solar cells when certain 
key parameters are varied. The parameters being varied in this section are: series resistance, 
junction thickness, spectrum file, temperature, J0 model, external quantum efficiency, and 
the number of junctions. 
3.1.1 Varying configurations 
     The number of junctions in a PV system was varied from 8 to 1 as shown in Fig 3. 1. 
These configurations were optimized using different geometric concentrations and the 
resulting efficiencies were plotted as shown in Fig 3. 2. 





     As can be seen from the plot above, as the number of junctions increase, the efficiency 
of the PV system increases, as supported in Gray’s paper [12]. This is expected since the 
more junctions we have in the system, the more photons will be absorbed, which will result 
in better solar cell performance. When looking at Fig 3. 2 even closer, it can be seen that 
the increase in efficiency is less as we increase the number of junctions for each geometric 
concentration. This is because the high energy photons are absorbed in the top cells and 
contribute greatly to the overall efficiency. The bottom cells on the other hand, absorb the 
low energy photons and do not contribute as much to the overall efficiency. It is also 
evident that the PV systems with higher concentration have a higher overall efficiency. 
     When looking at the characteristics of individual junctions in a PV system, there are 
certain trends observed based on the number of junctions and the geometric concentration. 
Fig 3. 3 shows the properties of the individual cells in a 2, 3, and 4 junction system at 
different geometric concentration. All these simulations where done with infinite junction 
thickness. 
Fig 3. 2 Plots showing the efficiency of varying configurations at different geometric 
concentrations (series connected in one stack) 
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     As mentioned before, when looking at series connected junctions, the top cell has the 
most contribution to the overall efficiency as shown in the bar graphs above. Also, an 
increase in efficiency of the individual junctions is evident with increase in concentration 
with the exception of the second junction in Fig 3. 3a moving from 100 suns to 1000 suns. 
Another trend that is observed, is the fact that the optimized bandgap increases as we 
increase the number of junctions in the system. If we look at the first junction (top cell) at 
1 sun in Fig 3. 3 for example, it is clear that the optimized bandgap for this junction is 
increasing as we move from a 2 junction system to a 4 junction system. This is expected 
since an increase in the number of junctions lead to an increase in the range of band 
energies needed to maximize the performance of the system (2 junctions = 1.57 to 0.93, 3 
junctions = 1.75 to 0.7, 4 junctions = 1.94 to 0.69). 
     Not only was the number of junctions in a configuration varied, but also the arrangement 
of junctions within a PV system was investigated. A 2, 3, and 4 junction system was 
simulated with GaAs as one of the junctions in each system as shown in Fig 3. 4, since 
GaAs is one of the most common materials used in the solar cell industry today. The results 
for these models are shown in Table 3. 1. 
 
 
Fig 3. 4 (a) 4 junction system with GaAs next to top cell, (b) 4 junction system with GaAs 
next to the bottom cell, (c) 3 junction system with GaAs in the middle, and (d) 2 junction 
system with GaAs at the bottom 
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Table 3. 1 Showing results of varying the position of GaAs in a System 
2 junction 3 junction 4 junction 








49.8 GaAs GaAs 1.74 
GaAs 1.01 1.03 GaAs 0.69 1.14 
Based on the results obtained from the table above, it is observed that having GaAs next to 
the top cell in a 4 junction system is more efficient than placing it next to the bottom cell. 
The configuration in Fig 3. 4b actually has a system efficiency very close to the 3 junction 
configuration in Fig 3. 4c. All these results can help in the realistic optimal design of a PV 
system with GaAs as one of the materials. 
3.1.2 Series Resistance, J0 Model, and Spectrum Files 
     In this section, we will show the effects of varying the series resistance, J0 model, and 
the spectrum file on a PV system. The PV system being used to simulate these variations 
is a 2 junction system with InGaP and GaAs as the materials. The configuration and 
dimensions for this system was taken from Wang's paper [19], and is shown in Fig 3. 5.  
























(Ω/𝐽𝐽𝑐𝑐2) JMP (A/cm2) J0 model Eff. (%) 
AM1.5dc 90 31.4 1.8  0.6 0 12.7 S-Q 34.9 1.43  2 
AM1.5dc 90 27.3 1.8  infinite 0 10.9 S-Q 30.3 1.43  infinite 
AM1.5dc 90 28.5 1.8  0.6 0 12.7 SOTA 31.7 1.43  2 
AM1.5dc 90 31.1 1.8  0.6 0.001 12.7 S-Q 34.5 1.43  2 
AM1.5dc 90 28.2 1.8  0.6 0.01 12.7 S-Q 31.3 1.43  2 
AM1.5g 100 34.6 
1.8  0.6 0 13.9 S-Q 34.6 1.43  2 
AM0 135 39.1 





1.8  0.6 0 11.5 S-Q 28.7 1.43  2 
 
     When varying the series resistance, it is clear that as the series resistance of the system 
increases, the total efficiency decreases. The finite thickness in the table above represents 
Fig 3. 5 Diagram showing the configuration from Wang's paper 
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the absorber layer in Fig 3. 5. It is observed that when the series resistance is 0.01 Ω/𝐽𝐽𝑐𝑐2, 
the efficiency is very close to that obtain by NREL [20] which is 31.1%.  
     When varying the reverse saturation current (J0), 2 models were used. Those 2 models 
were the "State of the Art" model and the Shockley-Quiesser model. Based on the results 
obtained, the S-Q model produced a higher efficiency than the SOTA model. This is 
expected since the S-Q model gives us less reverse saturation current which in turn gives a 
higher VOC and efficiency as mentioned in section 2.2.2. 
     When changing the spectrum file, it was observed that AM1.5dc has the highest 
efficiency, followed by AM1.5g, then AM0, and lastly the perfect blackbody. This however 
does not mean that the output power is largest for AM1.5dc. As shown in the table above,  
AM0 actually has the highest output power. This is simply because the input power of the 
AM0 is largest by a considerable amount and makes it possible for its efficiency to be low 
but output power to be high when compared to the other spectrums. A plot of each spectrum 
file is displayed in Fig 3. 6. 
 
 




3.1.3 Finite/infinite Junction Thickness 
     When investigating the effects of varying the junction thickness on a PV system, a 3 
junction configuration similar to that of Fig 3. 4c was used except all 3 junctions were 
optimized. A comparison between finite and infinite thickness was done and the results are 
shown in Table 3. 3 below. 
Table 3. 3 Showing a comparison between finite and infinite junction thickness 
Finite thickness Infinite thickness 




50.9 1.33 2 1.34 
0.93 140 0.93 
As can be seen from the results in the table above, the system with infinite junction 
thickness has a higher efficiency than the finite thickness system. In this particular case, 
the restriction of the junction thickness is limiting the performance of the solar cell. When 
looking at a realistic PV system however, such as that of Fig 3. 5, the restriction of the 
thickness is actually beneficial to the system as shown in Table 3. 2. The efficiency is 
higher with the restricted thickness since it has better current matching (JMP). Fig 3. 7 shows 









When looking at Fig 3. 7a, it can be seen that the infinite thickness plot absorbs all the 
photons with energies greater than the bandgap of GaInP. For the finite thickness however, 
some of the photons with longer wavelengths (energies approaching the bandgap of GaInP) 
are not absorbed and are transmitted to the next junction since the absorption coefficient is 
low for longer wavelengths. For GaAs shown in Fig 3. 7b, the infinite thickness plot has a 
sharp cut-off for wavelengths below 0.69 µm since all those wavelengths are being 
Fig 3. 7 Showing how the spectrum is absorbed for finite/infinite thickness in (a) GaInP, 
and (b) GaAs 
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absorbed by GaInP. The finite thickness plot does not have this sharp cut-off because some 
of the photons that did not get absorbed by GaInP, are now being absorbed by the GaAs 
junction. This is why there is a gradual increase in the finite thickness plot for GaAs. 
3.1.4 Temperature 
     Temperature plays an important role in the performance of any solar cell system. In this 
section, the temperature of an optimized 3 junction system will be varied, and the effect on 
the performance of the cell will be investigated. In section 2.2.4, the effect of temperature 
on the bandgap energy was discussed, and this will also play an important role in the 
performance of the PV system. Table 3. 4 shows the efficiency of the system when the 
temperature is varied. 
 
Table 3. 4 Showing the effect of temperature on the performance of a PV system 
300K 
Eg (eV) VMP(V) J0(A/cm2) VOC(V) Eff. (%) 
1.859 1.46 8.63E-26 1.56 
50.9 1.340 0.97 2.33E-17 1.06 
0.932 0.59 8.43E-11 0.67 
325K 
Eg (eV) VMP(V) J0(A/cm2) VOC(V) Eff. (%) 
1.862 1.42 2.15E-23 1.54 
49.2 1.345 0.94 1.17E-15 1.04 
0.934 0.57 1.34E-9 0.65 
350K 
Eg (eV) VMP(V) J0(A/cm2) VOC(V) Eff. (%) 
1.864 1.39 2.44E-21 1.51 
47.5 1.346 0.91 3.74E-14 1.02 
0.934 0.54 1.61E-8 0.63 
 
As expected, the efficiency of the system decreases as the temperature increases. The 
reverse saturation current (J0) increases with temperature as can be expected based on 
equation 2. 12 in section 2.2.2. Since we also know that the open circuit voltage (VOC) is 
inversely proportional to J0 (equation 2. 4), as a result, VOC decreases with temperature as 
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well as VMP. It is also observed that the optimized bandgap energies are slightly higher 
with increasing temperature. Since band gap energies are reduced with increase in 
temperature, higher bandgap energies are needed to compensate for the increase in 
temperature. 
3.1.5 External Quantum Efficiency (EQE) 
     The external quantum efficiency as described in section 2.2.3.2, is the probability of 
collecting a photocarrier for each photon. In this section, 3 parameters will be varied and 
investigated for a single junction. These parameters are the emitter surface recombination 
velocity (Sp), the base surface recombination velocity (Sn), and the base flatband thickness 
(xB). The values used for these parameters correspond to GaInP and was taken from Kurtz 
paper [14]. The effect of Sp on the external quantum efficiency is plotted in Fig 3. 8, and 
the effect of Sn on EQE is plotted in Fig 3. 9. The effect of varying xB is also captured in 








     For low wavelengths, a high Sp causes the blue spectral response to decrease 
dramatically as shown in Fig 3. 8. A high Sp also causes a slight decrease in the red spectral 
response (longer wavelengths). In contrast, high Sn causes a decrease only in the longer 
wavelengths, with negligible effect on the short wavelengths for xB = 0.3µm as shown in 
Fig 3. 9. With a thinner base (xB = 0.45µm), an increase in Sn causes an even more dramatic 
decrease in the red spectral response but also a very slight decrease in the blue spectral 
response. A very important observation to note, is that EQE increases when Sn or Sp is 
reduced from 107 to 104 cm/s, but any further reduction has negligible effect on EQE. All 
these results are in support of Kurtz's conclusions [14]. The effect of these 3 parameters on 
the overall efficiency of a single junction (GaInP) cell is shown in Table 3. 5. To better 
visualize the effect of these parameters on the overall efficiency, plots were generated using 
the data from Table 3. 5 as shown in Fig 3. 10. 
 
Fig 3. 9 Plots showing the effect of Sn and xB on the external quantum efficiency 
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Table 3. 5 Showing the effect of Sp, Sn, and xB on the overall efficiency 
xB = 0.45µm xB = 3µm 
Sn (cm/s) Eff (%) Sp (cm/s) Eff (%) Sn (cm/s) Eff (%) 
103 21.7 103 23.5 103 23.5 
104 21.7 104 23.3 104 23.4 
105 21.6 105 22.3 105 23.3 
106 21.0 106 19.1 106 23.0 




     As can be seen from the plots in Fig 3. 10, Sn has a greater effect on the overall efficiency 
when xB is smaller. The Sn effect on the efficiency however, is very small compared to that 
of Sp, hence controlling Sp is very important in the performance of a PV system. 
3.2 Electrically Independent Junctions in a PV System 
     In this section, the junctions in a PV system will no longer be all connected in series. 
We will investigate the effect of having electrically independent junctions in different 
positions in the system. A 5 junction system was used with the top junction electrically 
independent in one case, the bottom junction electrically independent in the second case, 
Fig 3. 10 Plots showing the effect of Sp, Sn, and xB on the overall efficiency 
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and all junctions electrically independent in the final case. Fig 3. 11 shows the 
configurations that were simulated in this section, and Table 3. 6 shows the results obtained 
from the various simulations. 
 
Table 3. 6 Showing the effect of having electrically independent junctions in a system 
 
     An extra simulation with all junctions connected in series was also done as shown in 
Table 3. 6, to compare its performance with the rest. As expected, the system with all 
junctions connected in series had the least conversion efficiency (52.7%), simply because 
all of the junctions were limited to current matching. When comparing the simulations with 
the top and bottom junctions electrically independent (Fig 3. 11c and Fig 3. 11b 
Junction 













2.43 5.75 2.35 6.56 
1.8 1.8 1.8 
10.9 
1.8 10 
1.43 1.43 1.43 1.43 10.8 
1.17 1.18 1.12 1.11 11.2 
0.94 0.7 17.9 0.76 0.7 15.1 
Fig 3. 11 Configurations showing (a) all junctions, (b) bottom junction, and (c) top 
junction electrically independent 
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respectively), the top junction being electrically independent has the higher conversion 
efficiency (56.4% and 54.5% respectively). Again, this is because the top junction absorbs 
the high energy photons and have a bigger impact than the bottom junction on the overall 
efficiency. Lastly, it is also expected that the system with all junctions electrically 
independent (Fig 3. 11a) has the highest conversion efficiency (57.5%) since all the 
junctions are free from the current matching limitation. 
3.3 Optically Independent PV Systems 
     In this section, we will be looking at PV systems that are optically independent. 
Whenever there is an optical split in a system, there is also a cut-off energy that determines 
which wavelengths are transmitted or reflected. There is also a transition width between 
reflection and transmission that determines how sharp the transition is. Ideally we would 
like the transition width to be zero, however realistically this is not the case. The PV system 
that was simulated is shown in Fig 3. 12. We investigated the effect of varying the transition 
width as well as optimizing the cut-off energy. Table 3. 7shows the results recorded, and 




Fig 3. 12 Configuration showing the optically split PV system simulated 
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Table 3. 7 Showing optical splitting characteristics 
Optical split transition 
width (µm) Optical split cut-off (eV) Efficiency (%) 
0 1.43 (optimized) 44.2 
0.1 1.41 (optimized) 42.3 
0.2 1.38 (optimized) 40.7 




In Fig 3. 13, λc is the cut-off wavelength and Ec is the cut-off energy. As shown in Table 
12, it is clear that as the transition width increases, the overall efficiency of the system 
decreases. This is due to the fact that some of the high energy photons (short wavelengths) 
are being transmitted to the lower energy bands when they should be reflected to the higher 
energy bands as a result of the transition width. As shown in the right plot of Fig 3. 13, the 
portion of the spectrum that is between the transition width does not get reflected or 
transmitted fully, this causes some loss in the overall efficiency. The importance of BOSS 
is evident when comparing the optimized cut-off energy to the cut-off energy being held 
constant. The transition width is the same (0.2 µm) for both cases, however, the efficiency 
is higher in the optimized cut-off energy (1.38 eV) as shown in Table 3. 7. The cut-off 
energy being held constant is higher (1.43 eV) and therefore has a lower cut-off  
Fig 3. 13 Plots showing ideal transmission characteristics (left) and transmission 




Wavelength. This results in less high energy photons being reflected to the higher energy 















   
 
4 CONCLUSION 
     BOSS is a numerical tool that determines the bandgap energies, EG, that yield the 
highest possible system power efficiency for a given number of PV junctions with different 
configurations.. It has the capabilities of simulating PV systems that are electrically in 
series, electrically independent, and optically independent. BOSS accounts for absorption 
properties and recombination in each junction, in order to create a realistic quantum 
efficiency profile (see section 2.2.3.1 and section 2.2.3.2). A number of simulations were 
carried out to analyze the performance of different PV configurations. 
     When looking at the series connected PV systems (section 3.1), we showed the effect 
of varying key parameters on the performance of the system. The highlight of this section 
was looking at the effects of varying the configuration (section 3.1.1), junction thickness 
(section 3.1.3), and external quantum efficiency (section 3.1.5). When looking at different 
configurations, it was observed that the higher the amount of junctions in the system, the 
higher the overall efficiency. However, as the number of junctions increased, the increase 
of efficiency was less (Fig 3. 2). When comparing finite to infinite junction thickness in a 
PV system, the results obtained showed that the restriction on the thickness of the junction 
can be both an advantage and a liability to the PV system. Lastly, it was observed that the 
front surface recombination velocity has a big impact on the external quantum efficiency 
and as a result, the overall conversion efficiency. 
     When looking at electrically independent PV systems (section 3.2), it was evident that 
not having the current matching restriction of series connected junctions is beneficial to the 
overall conversion efficiency. It was noted that the position of the electrically independent 
junctions in a system is important. Having the top cell electrically independent in a PV 
system produces a higher efficiency than having the bottom cell electrically independent 




     When looking at optically independent PV systems (section 3.3), it was clear that as the 
transition width of the split increases, the overall efficiency decreases. The importance of 
optimizing the cut-off energy for the split was also evident as shown in Table 3. 7. 
     This tool can be very useful in identifying design trade-offs and also help identify which 
system and cell design changes will be of greatest benefit to the enhancement of PV system 
performance. The first version of the tool is already accessible online to users through 
Nanohub [21]. We are currently working on finishing the latest version of this tool and 
should be published on Nanohub in the near future.  
4.1 Future Work 
     There are many features that can be added to the tool to increase its usability. When 
looking at the optimization aspect of the tool, the bandgap energy is the only parameter 
that is being optimized in order to come up with the maximum system conversion 
efficiency. Another important parameter that can also be optimized is the junction 
thickness. Realistically, when designing a multijunction PV system, choosing the right 
thickness for each layer is very important and contributes greatly to the overall conversion 
efficiency. Having the option to optimize both the bandgap and junction thickness of a PV 
system will definitely enhance the capabilities of the tool. 
     Simulating the performance of a PV system with realistic conditions for a full year will 
also be investigated in future work. In order to accomplish this, a representative year of 
solar spectra should be generated using several years of measured spectral data. This data 
should consist of Irradiance vs. wavelength of every day of the year. The seasonal change 
in the amount of daylight throughout the year should be accounted for, as well as the effects 
of time of day (lower intensities in the early morning and late afternoon), and cloud cover. 
     Lastly, the tool currently assumes that there is no reflection between junctions or Urbach 
tail. In the near future we will like to account for these characteristics, in order to make the 
tool even more realistic for users. One possibility in accomplishing this, is by implementing 
the transfer matrix algorithm [22]. This algorithm will account for reflection, transmission 
and Urbach tail between junctions.  
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A. PHYSICAL CONSTANT 
Table A. 1 Showing physical constants 
Constant Value Units 
𝐽𝐽 2.99792458 × 108 𝐽𝐽𝑐𝑐/𝐽𝐽 
𝑞𝑞 1.602 × 10−19 𝐶𝐶 
𝑘𝑘 8.6173324 × 10−5 𝑒𝑒𝑉𝑉/𝐾𝐾 
ℎ 4.135667516 × 10−15 𝑒𝑒𝑉𝑉 𝐽𝐽 

















B. RAW DATA FROM TOOL 
B.1 Series Connected Data 
Table B. 1 Showing raw data of configurations varying from 1 junction to 8 

























Table B. 2 Showing raw data of configurations varying from 1 junction to 8 

































Table B. 3 Showing raw data of configurations varying from 1 junction to 8 































































































































 0.001 Ω/𝐽𝐽𝑐𝑐2 

























B.2 Electrically Independent Connected Data 
Table B. 10 Showing raw data of electrically independent junctions in a PV system 
Top junction electrically independent 
 
Bottom junction electrically independent 
 





B.3 Optically Independent Connected Data 
Table B. 11 Showing raw data of an optically independent PV system 
0 transition width 
 
0.1 transition width 
 
0.2 transition width (cut-off energy optimized) 
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